AMP-activated protein kinase (AMPK) is a serine threonine kinase that is highly conserved through evolution. AMPK is found in most mammalian tissues including the brain. As a key metabolic and stress sensor/effector, AMPK is activated under conditions of nutrient deprivation, vigorous exercise, or heat shock. However, it is becoming increasingly recognized that changes in AMPK activation not only signal unmet metabolic needs, but also are involved in sensing and responding to 'cell stress', including ischemia. The downstream effect of AMPK activation is dependent on many factors, including the severity of the stressor as well as the tissue examined. This review discusses recent in vitro and in vivo studies performed in the brain/neuronal cells and vasculature that have contributed to our understanding of AMPK in stroke. Recent data on the potential role of AMPK in angiogenesis and neurogenesis and the interaction of AMPK with 3-hydroxy-3-methy-glutaryl-CoA reductase inhibitors (statins) agents are highlighted. The interaction between AMPK and nitric oxide signaling is also discussed.
Introduction
AMP-activated protein kinase (AMPK), a serine threonine kinase, is a key metabolic and stress sensor/effector that is activated under conditions of nutrient deprivation, vigorous exercise, or heat shock (Turnley et al, 1999) . Over the past 10 years the importance of AMPK and the central role that it has in both peripheral and central nervous system metabolism have become increasingly recognized. In peripheral tissue, including cardiac and skeletal muscle, adipose tissue, pancreas, and liver, activation of AMPK signals unmet metabolic demand. Increasing cellular levels of AMP or, to a lesser extent, falling levels of ATP, lead to activation of AMPK through phosphorylation by an upstream kinase. Phosphorylation represents the active state of this protein kinase (Hawley et al, 1996; Ramamurthy and Ronnett, 2006; Ronnett et al, 2009 ). Activation of AMPK leads to numerous downstream effects on a multitude of metabolic pathways, with subsequent enhancement of ATP-generating, cata-bolic pathways (i.e., fatty acid oxidation), and inhibition of energy 'storing' pathways such as lipid, fatty acid (Liu et al, 2006) , cholesterol (Clarke and Hardie, 1990) , and protein synthesis (Horman et al, 2002) through phosphorylation of key regulatory proteins (Scharf et al, 2008) making ATP more readily available. Once activated, AMPK also controls energy metabolism by directly regulating metabolic enzymes and gene transcription (Figure 1) .
The role played by AMPK in the central regulation of energy balance by mediating food intake has been well described (Lage et al, 2008; Xue and Kahn, 2006) . However, it is becoming increasingly recognized that changes in AMPK activation not only signal unmet metabolic needs, but are also involved in sensing and responding to 'cell stress.' The downstream effect of AMPK activation on cell survival differs depending on (1) the tissue examined, (2) the degree of stress (mild versus severe), and (3) the metabolic capacity of the cells examined. In peripheral organs such as the heart, activation of AMPK during low-energy states such as ischemia reduces damage (Miller et al, 2008) . What occurs in the brain in the setting of an ischemic injury is less clear. As neurons, unlike other mammalian cells, lack key glycolytic enzymes (Cidad et al, 2004) , and have limited ability to store nutrients, the response to AMPK activation when oxygen and glucose are unavailable leads to increased lactate production and acidosis (Li and McCullough, unpublished observations) . The overall effect of manipulating AMPK levels in the ischemic brain likely depends on the metabolic setting, and remains a matter of debate. We have found that inhibition of AMPK reduces damage induced by middle cerebral artery occlusion (MCAO), as does genetic deletion of one of the catalytic isoforms (Li et al, 2007; McCullough et al, 2005) . However, others have proposed that AMPK represents an endogenous neuroprotective pathway (Kuramoto et al, 2007) . This review discusses the work done to date in both in vitro and in vivo ischemic models and also discusses the possible interaction and contribution of AMPK in the cerebral vasculature and nitric oxide signaling to the AMPK response.
The regulation of AMPK isoforms
AMPK is a heterotrimer that consists of three subunits; the catalytic a subunit, which has two isoforms a1 and a2, the b subunit that also has two isoforms, and the g subunit, which has three known isoforms (Ofir et al, 2007) . Each subunit appears to have distinct functions and tissue localization. The best studied of the three subunits is the catalytic a subunit. This subunit contains the threonine phosporylation site that when phosphorylated leads to AMPK activation (Hawley et al, 1996; Ofir et al, 2007) . This phosphorylation site is regulated by three known upstream AMPK kinases, LKB1 (serine threonine kinase 11), Ca2 + /calmodulin-dependent protein kinase (CaMKK), and transforming growth factor b-activated kinase 1 (TAK1) ( Figure 2 ).
The phosphorylation of AMPK by LKB1 is enhanced by AMP (Towler and Hardie, 2007) and this may be an important pathway by which AMPK can be activated by energy demand to maintain metabolic homeostasis. LKB1 appears to selectively target AMPK a2 (Long and Zierath, 2006; Sakamoto et al, 2005; Tzatsos and Tsichlis, 2007) . In Caenorhabditis elegans and in ischemic mouse heart, AMPK a2 activation is dependent on LKB1 . In addition, in the heart, the LKB1-AMPK a2 pathway may become more significant when ATP depletion is severe (Hardie, 2008) . This pathway may also be important in the ischemic brain, as a dramatic increase in phosphorylation of LKB1 (in whole brain homogenates) is seen after MCAO (Li et al, 2007) .
AMPK can also be activated by the upstream AMPK kinase Ca2 + /calmodulin-dependent protein kinase kinase beta (CaMKKb), which has a role in both normal cerebral physiology (i.e., neuronal firing) as well as in pathologic conditions (i.e., ischemia-induced calcium influx through NMDA receptor activation). CaMKKb functions as AMPK kinase in the hypothalamus to control food intake (Anderson et al, 2008) , showing this pathway's contribution to whole body energy balance. Injection of the glutamate receptor agonist kainic acid (KA) into mouse hippocampus induced an increase in CaMKKb activity and AMPK activation as well as enhancement of hippocampal cell death (Lee et al, 2009) . At present there are no studies that have directly investigated CaMKK or LKB1's regulation of AMPK during cerebral ischemia.
In vitro studies using cell-free assays in yeast (Saccharomyces cerevisae) have also identified a third putative upstream AMPKK named TAK1 (transforming growth factor-b-activated kinase 1) ( Figure 2 ), although it is unclear if this has any physiologic relevance in the brain (Momcilovic et al, 2006) . It is interesting to note that TAK1 is activated by TGF b, which has been shown to have neuroprotective properties against ischemia-induced neuronal death (Buisson et al, 2003) . Ongoing work in our lab is investigating the role of each of these upstream kinases in the response to ischemia and the downstream effects on AMPK signaling on stroke outcome. Figure 1 AMPK signaling when energy balance is unmet. Green arrow: activation; red arrow: inhibition. AMPK is activated when the energy demand is higher than the supply and inhibited when the supply is higher than demand. CaMKK b, Ca2 + /calmodulindependent protein kinase b; TAK1, TGF b-activated kinase 1; PP2Ca, protein phosphatase-2Ca; GS, glycogen synthase; HMG-CoAR, 3-hydroxy-3-methy-glutaryl-CoA reductase; PFK-2, phosphofructokinase-2; TF, transcription factors; P53, tumor protein 53; mTOR, mammalian target of rapamicin; eEF2K, eukaryotic elongation factor-2 kinase; GLUT-3,4, glucose transporter 3 and 4. (The color reproduction of this figure is available on the html full text version of the manuscript.) Recently, the importance of regulation of the rate of dephosphorylation of AMPK has gained attention (Sanders et al, 2007; Suter et al, 2006) . AMP binding can directly inhibit the dephosphorylation of AMPK by protein phosphatase 2Ca, which is responsible for removing the phosphate at the Thr-172 site, thus keeping AMPK in its active state (Sanders et al, 2007) ( Figure 2 ). In addition, any decrease in endogenous phosphatases preserves AMPK phosphorylation and prolongs its activation (Sanders et al, 2007; Suter et al, 2006) . Hurley has also recently discovered that each a subunit may have additional serine phosphorylation sites (a1 at 485 and a2 at residue 491) that are controlled by cAMP signaling and lead to a reduction in AMPK activity (Hurley et al, 2006) . This novel regulation pathway has not been explored in vivo.
AMPK subunit function and localization
The function and regulation of the subunits of AMPK is an area of intense investigation. Most of the data regarding the individual subunit function has been derived from studies of genetically manipulated mice . The subunit isoforms (a1 and a2) are distinct although highly homologous. The C-terminal region of the subunit is required for its association with the b and g subunits. Each catalytic isoform forms a complex with noncatalytic b and g subunits for AMPK activity (Gao et al, 1996) . Studies have indicated that AMPK a2, not a1, is induced under hypoxic conditions in human glioma cells (Neurath et al, 2006) . Mice deficient in AMPK a2 show glucose intolerance and reduced insulin sensitivity, whereas the AMPK a1 null mice do not show such changes (Viollet et al, 2003a, b) . In addition, AMPK a2 knockout mice are protected against MCAO-induced injury, whereas the AMPK a1 knockout mice are indistinguishable from wild type (Li et al, 2007) . This suggests that most of the detrimental effects of AMPK activation in stroke are mediated by this isoform.
The b subunit has a central AMPK-binding domain which may be a regulatory domain that allows AMPK to act as a sensor of energy status by monitoring glycogen levels Polekhina et al, 2005) . However, as neurons have limited glycogen storage pools, this mechanism of regulating AMPK activity may be less important in the central nervous system than in the periphery. Interestingly, in Drosophila, knockout of the b subunit (a single subunit of each isoform is found in flies) leads to rapid degeneration in the retina and optic lobe, most likely through autophagic cell death. Neuronal loss was dependent on neuronal excitation, as it was ameliorated when flies were raised in the dark (Spasic et al, 2008) . Similar developmental brain abnormalities have been recently described in mice lacking the b1 subunit ( (Dasgupta and Milbrandt, 2009 ), however, the role of AMPK b in stroke remains unexplored.
The g subunit contains four tandem cystathionine B-synthase motifs, which bind AMP or ATP. This subunit has three isoforms (1, 2, and 3). Mutations in PRKAG2, the gene for the g2 regulatory subunit, leads to cardiac hypertrophy and electrophysiologic abnormalities, including pre-excitation (Wolff-Parkinson-White syndrome) and atrioventricular conduction block (Arad et al, 2002) . However the mechanism for this is unclear. The regulation and function of these complexes in the brain is not clear, nor is the importance of the specific isoform combinations. Humans have seven genes encoding AMPK subunits (a1, a2; b1, b2; g1, g2, g3) that can form at least 12 abg heterotrimers, increasing the potential for diversification of function (Jorgensen et al, 2005) . The possibility that different combinations of isoforms can regulate the specificity for AMP, ATP, and downstream phosphorylation targets is of great interest and is under investigation . Differences in the distribution of the isoforms in the periphery have been well described ) but much less is known regarding the localization, regulation, or function of these isoforms in the brain.
AMPK expression in the brain
AMPK expression in the adult brain was reported in 1995 (Gao et al, 1995) . The most systematic study of AMPK isoform localization was subsequently conducted by Turnley (Turnley et al, 1999) . In this work, both the developmental expression and the specific cell type expressing AMPK were assessed. Each of the AMPK subunits was expressed in the central nervous system throughout early development into adulthood. Using northern analysis, the a1 catalytic subunit showed a fairly low but consistent level of expression at all ages, whereas expression of the a2 subunit had a dramatic increase in expression between E10 and E14, during the period of neuronal differentiation.
Using a nonspecific pan-a antibody, AMPK a was found predominantly in neurons with minimal staining in astrocytes in adult brain (McCullough et al, 2005) . Using isoform (a1 versus a2)-specific antibodies, Turnley found that the a2 isoform was distributed extensively throughout the mouse brain and is the predominant catalytic subunit. AMPK a2 localizes more to the neuronal nucleus compared with a1, but when in astrocytes AMPK a2 was found in the cytoplasm. The a1 subunit was barely detectable in astrocytes and was not found in great quantities in the brain (Turnley et al, 1999) . For the noncatalytic AMPK subunits, g1 was also largely confined to neurons, occasionally seen in oligodendrocytes, and rarely expressed in astrocytes. Both b isoforms were found expressed predominantly in neurons; b1 and g1 also localize predominately to the nucleus (Turnley et al, 1999) .
It is likely that each isoform has different functions, as we have shown for stroke using knockout models. The AMPK a2 isoform, not AMPK a1, has a significant role in the detrimental response of AMPK activation in ischemic brain (Li et al, 2007) . Research in human embryonic kidney cells has found a similar distinction between the two AMPK a catalytic isoforms. Although oxidative stress and 2-DG stimulated phosphorylation of insulin receptor substrate-1, a proapoptotic molecule, primarily through the AMPK a1 subunit, AMPK activation during energy depletion was mediated by AMPK a2 (Tzatsos and Tsichlis, 2007) .
AMPK complexes containing the a2 rather than the a1 isoform have a greater dependence on AMP for activation (Bfive-fold stimulation compared with Btwo-fold) (Salt et al, 1998) . Similar findings were seen in human glioblastoma cells where the AMPK a2 isoform, not AMPK a1, mediated the effect of hypoxia by inducing vascular endothelial growth factor (VEGF) expression (Neurath et al, 2006) . The AMPK isoform usage may reflect the specificity of the AMPK upstream kinases. As complete deletion of the catalytic subunits leads to embryonic lethality , studies are currently underway using tissue-specific knockouts (i.e., a2 deletion in astrocytes, neurons, or endothelium in a1 knockout mice) to determine the role that each has in the response to stroke.
AMPK expression and activation in the vasculature: interaction with nitric oxide
AMPK is expressed in both smooth muscle and endothelium . Both a1 and a2 catalytic subunits are expressed in pulmonary arterial smooth muscle cells (Evans et al, 2006) and both isoforms are expressed in endothelial cells, although a1 predominates (Davis et al, 2006; Zou et al, 2004) . AMPK a1 may mediate the endothelial response to oxidant stress as silencing AMPK a1 in human umbilical vein cultures leads to reductions in the transcription of genes involved in antioxidant defense, mitochondrial content, endothelial nitric oxide synthase (eNOS) generation, and cell proliferation. This leads to an accumulation of reactive oxygen species (ROS) and subsequent apoptosis (Colombo and Moncada, 2009) . It is likely that both catalytic isoforms of AMPK have a role in the endothelial response to hypoxia. Although AMPK a2 is barely detectable in the endothelium, angiogenesis after hypoxic stress requires AMPK a2 in human umbilical vein cultures (Nagata et al, 2003; Zou and Wu, 2008) . Whether stroke-induced angiogenesis requires AMPK is under investigation.
Examination of AMPK in the in the vasculature often uses Metformin, one of the most commonly used drugs for the treatment of type II diabetes, as an AMPK activator. Metformin exerts its therapeutic effects, at least in part, by activating AMPK. In the UK Prospective Diabetes Study treatment with metformin decreased macrovascular morbidity and mortality independently of glycemic control (UK Prospective Diabetes Study (UKPDS) Group, 1998) .
Many studies now show that the beneficial effects of metformin in protecting the peripheral vasculature, such as reducing vascular inflammation, enhancing endothelial function, and protecting endothelium, are mediated by AMPK (Davis et al, 2006) . Metformin inhibits TNFa-induced nuclear factor-kappa B expression (NF-kB) activation in vascular endothelial cells, leading to an inhibition of NF-kB-dependent gene expression of various inflammatory and cell adhesion molecules. This effect appears to be mediated by AMPK as transfection of AMPK siRNA significantly attenuated metformin-induced inhibition of NF-kB activation (Huang et al, 2009 ). AMPK activation induced by metformin also improved endothelial function in diabetic mice by blunting diabetes-induced reduction of AMPK phosphorylation and normalized acetylcholine-induced endothelial relaxation, an effect mediated by AMPK a2 ).
In addition, many of these beneficial effects of AMPK on the peripheral vasculature are mediated by eNOS activation (Chen et al, 1999; Zou and Wu, 2008) . AMPK can phosphorylate eNOS at two sites (Ser 633 and Ser 1177) in the endothelium (Morrow et al, 2003) . Interestingly, NO and AMPK seem to reciprocally regulate each other as rising levels of NO can also activate AMPK, most likely through oxidant pathways (Hou et al, 2008 ). It appears that metformin also requires NO to initiate the activation of AMPK in the vasculature, given the fact that metformin no longer activates AMPK when NO is directly inhibited in bovine endothelial cells (Zou et al, 2003) .
Little is known regarding AMPK's effects in the cerebral vasculature. It is important to note that many differences exist in the peripheral and cerebral blood vessels in the organization and function of the endothelium. Even within the brain itself, the microvasculature endothelium is heterogeneous (Ge et al, 2005) . These facts make extrapolation of the findings in the periphery to the brain difficult. Expression of AMPK in the cerebral vasculature has only been investigated over the past several years. AMPK a has been detected in the endothelium of the basilar artery (Osuka et al, 2009) . In vitro studies have showed AMPK activation by low glucose levels. AMPK activation also contributes to downstream hypoxic responses as a DN mutant AMPK, partially ameliorated hypoxia-induced VEGF production (Lopez-Lopez et al, 2007) . AMPK activation with 5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR) enhanced VEGF expression in cultured rat brain endothelium, which was ameliorated by DN AMPK, showing the specificity of this response to AMPK activation (Lopez-Lopez et al, 2007) . The physiologic consequences of AMPK activation in vivo are less clear, but an intriguing new study has shown increased phosphorylation of AMPK and eNOS in the basilar artery 2 days after experimental subarachnoid hemorrhage when vasospasm begins. Subarachnoid hemorrhage might thus induce temporary activation of AMPKa, leading to phosphorylation of eNOS at Ser1177 (Osuka et al, 2009) . Whether this is detrimental and exacerbates or ameliorates injury is unclear, but suggests that AMPK may be a target for treatment of subarachnoid hemorrhageinduced vasospasm. Interestingly, high levels of phosphorylated AMPK are seen in the double mutant amyloid precursor protein/presenilin 2 mouse, a transgenic model of AD with a low density of cerebral vessels (Lopez-Lopez et al, 2007) . Reduced cerebral vascular density likely led to a decreased glucose and oxygen supply, which may activate AMPK in the endothelium (Lopez-Lopez et al, 2007) . Activated AMPK may then stimulate eNOS in the cerebral vasculature (Osuka et al, 2009 ). The consequence of AMPK or eNOS activation on cerebral blood flow is not known. However, AMPK may have important physiologic and pathologic functions, as in the periphery: it is likely that AMPK produces its regulatory effects in the brain vasculature through eNOS-mediated acute vasodilatation or VEGF-mediated chronic increase in vascular generation.
In the periphery, NO is an important activator of AMPK. Activation by NO may also be an important mechanism by which AMPK is activated in the brain during ischemia, as ONOO-is produced by calciummediated activation of neuronal NOS (nNOS) (Heales et al, 1999) . Ischemia robustly increases the phosphorylation of AMPK in brain, as in the periphery and vasculature, presumably in an attempt to restore ATP levels. We have found that ischemiainduced AMPK activation is muted in mice lacking nNOS, suggesting that nNOS (or ONOO-) is an important trigger for AMPK phosphorylation (McCullough et al, 2005) . We have also shown that administration of Compound C, an AMPK inhibitor, is neuroprotective, but this effect is lost in nNOSdeficient mice . This suggests that the protective effect of AMPK inhibition in the brain may also be mediated in part by NO signaling.
Stroke and AMPK

AMPK's Role in Neuronal Survival/Death
Most of the work performed to date on AMPK in the brain has investigated AMPK's regulation of hypothalamic energy balance. Given the high metabolic energy demands of the brain and the relative intolerance to ischemia, hypoxia, and energy depletion (Ramamurthy and Ronnett, 2006) , it is likely AMPK has an important function in neuronal cell survival (Ronnett et al, 2009) . Initially, the hypothesis that AMPK has a neuroprotective role in cerebral ischemia seemed attractive as activation of this kinase increases ATP production, potentially providing energy for energy depleted neurons. However, unlike peripheral tissues, neurons lack the enzymes necessary for glycolysis, the major ATPgenerating pathway activated during hypoxia, making them exquisitely sensitive to ischemia. AMPK activates phosphofructokinase (PFK-2), which catalyzes the rate-limiting step in glycolysis. There is minimal, if any, activation of PFK-2 in neurons, making them unable to produce ATP through glycolysis (Figure 3 ). Astrocytes can metabolize glucose into lactate through glycolytic pathways (Figure 3) , and do store some glycogen (Vilchez et al, 2007) providing a short-term energy supply for ischemic neurons (Bouzier-Sore et al, 2002; Pellerin and Magistretti, 1994) . However, progressive lactic acidosis leads to neuronal death after periods of prolonged injury such as seen in stroke.
Whether AMPK is beneficial or detrimental in the ischemic brain has engendered considerable contro- Figure 3 The differential effects of AMPK in regulating glycolysis in neurons and astrocytes. Ischemia/hypoxia-induced AMPK phosphorylation activates phosphofructokinase 2 (PFK2) in astrocytes, leading to enhanced glycolysis and increased glycolytic products (pyruvate, lactate, and ATP). In neurons where there is minimal PFK-2 activity, the ability to produce ATP through glycolysis is limited. F6P, fructose-6-phosphate; F2, 6P, fructose-2,6-bisphosphate. Green arrow: activation; red arrow: inhibition. (The color reproduction of this figure is available on the html full text version of the manuscript.) versy (Hardie and Frenguelli, 2007) . One of the first studies to examine neuronal tissue showed that the AMPK activator AICAR enhanced survival under conditions of reduced energy availability (glucose deprivation, glutamate excitotoxicity) or increased cellular stress (amyloid exposure) in cultured hippocampal neurons (Culmsee et al, 2001) . Several studies performed in neuronal cell lines/tissue also support the hypothesis that AMPK activation is detrimental. AICAR promotes apoptosis in undifferentiated human neuroblastoma cells (SH-SY5Y), inducing an increase in caspase-3 activity (Garcia-Gil et al, 2003) . Overexpression of active AMPK or treatment with AICAR enhanced oxidative stress and induced apoptosis in mouse neuroblastoma cells through NF-kB activation (Jung et al, 2004) . Most recently, it was found that AMPK activation in primary cortical cell cultures induced by the environmental pollutant Tributyltin chloride led to neuronal death and Compound C reduced Tributylin's neurotoxic effects (Nakatsu et al, 2008) .
The role of AMPK in vivo is also very likely different to that seen in vitro, especially in neurons. Neurons are post mitotic, have poor energy stores, and are intolerant to cellular stress, especially when examined without the supporting glial cells and vasculature that characterize the in vivo state. The metabolic functions of neurons and astrocytes are distinct and there are complex interactions between these two types of cells during energy depletion. Therefore, the most appropriate way to investigate the role of AMPK in neuroprotection after stroke is to examine outcomes in a whole animal system. To date, only three such studies have been performed and were all in rodents, two by our group showing that AMPK activation is deleterious, and one by Kuramoto et al (2007) that suggested that AMPK activation is protective.
In the first study to examine stroke outcome, pharmacological agents were used to manipulate AMPK phosphorylation status. We found that treatment with Compound C or with the fatty acid synthase inhibitor C75 (which reduces AMPK phosphorylation indirectly) led to a reduction in pAMPK levels and reduced damage in a reversible MCAO model. These results suggest that after cerebral ischemia, AMPK activation is detrimental and reducing AMPK activation is protective. It has been noted by others that these original studies were limited, as we used pharmacological approaches that could certainly have 'off-target' effects (Hardie and Frenguelli, 2007) . For example, the AMPK activator, AICAR has proapoptotic effects independent of AMPK (Lopez et al, 2003) and we found that it led to systemic vasodilatation and lowered Mean Arterial Pressure, most likely through its known effects on adenosine. More recently we have used a more direct approach by examining animals with selective gene deletion of either AMPK a1 or AMPK a2 (Li et al, 2007) . AMPK a2 knockout mice were protected compared with wild-type controls, whereas there was no effect of AMPK a1 deletion. The beneficial effect of the AMPK inhibitor Compound C was lost in AMPK a2 knockout mice implying that the a2 isoform mediates the detrimental effect of AMPK after stroke. The genetic approach combined with the pharmacological approach further confirmed that inhibition of AMPK in the brain is neuroprotective.
In contrast, others (Kuramoto et al, 2007) have suggested that activation of AMPK leads to neuroprotection through phosphodependent functional modulation at serine 783 of the GABA (B) receptor. This interaction between AMPK and the R2 subunit of GABA (B) led to activation of postsynaptic K + channels, resulting in prolonged hyperpolarization This could potentially lead to suppression of neurotransmitter release at presynaptic sites, reducing neuronal activity when energy stores are low (Kuramoto et al, 2007) . In support of this hypothesis, when S783A mutants of R2, which cannot be phosphorylated by AMPK, were expressed in hippocampal neurons, there was a significant decrease in survival after a 15 mins anoxic insult in the cells expressing the mutant. However, the effect was quite small (11%) and no studies were performed to confirm that this protection was specifically mediated by AMPK. This could have been evaluated with a reversal of the effect by AMPK siRNA, AMPK inhibitors, or AMPK knockout cultures. It is also unknown whether this occurs with an actual ischemic challenge (i.e., oxygen/ glucose deprivation). These investigators went on to show that GABA (B) R2 expression increased in rat brain 4 h after MCAO. However, ischemia-induced phosphorylation of GABA was seen primarily in the CA3 and dentate gyrus rather than in the cortex and striatum, where a dramatic downregulation of staining was seen. This suggests that GABA receptor modulation may only occur at sites distant from the ischemic damage. Again, a definitive link showing that AMPK was responsible for the ischemia-induced rise in GABA (B) phosphorylation, or the downstream effect of this enhanced phosphorylation (no histologic studies were performed) on stroke outcome remains to be investigated.
As described above, studies investigating the role of AMPK in neuronal survival/death have generated much controversy. The discrepancies, seen in studies performed in vitro, are most likely because of the differences in models, culture conditions (Kleman et al, 2008) , and the cell type used (transformed versus primary cells). Mimicking neuronal metabolism in vitro is often difficult, and can lead to erroneous conclusions. For instance, neuronal cell culture media typically contains 25 mmol/L glucose, which is significantly higher than physiologic levels (between 0.82 and 2.4 mmol/L) (Ronnett et al, 2009) . In a study comparing the cellular response of neurons cultured in media with different glucose concentrations (Kleman et al, 2008) , cultures maintained at 3 mmol/L glucose responded in a much more similar manner to what is observed in vivo.
In vivo studies suggest that the duration and severity of the cellular stress determine the cells response to AMPK activation. Dagon et al found that mild to moderate (40%) dietary restriction increased hippocampal AMPK activity, induced neurogenesis, and improved cognition. It is likely moderate caloric restriction may enhance cell survival through transient AMPK activity. Similarly, ischemic preconditioning, which also produces transient moderate energy deprivation, may also be protective against stroke injury through activating AMPK. In contrast, 60% caloric restriction activated AMPK further, but led to reduced cognition and enhancement of neuronal apoptosis. Similar findings have been seen with KA injections, which dramatically increase AMPK activity, seizure rates, and cell death (Lee et al, 2009) . Moreover, chronic corticosteroid administration in mice leads to a sustained increase in AMPK activation, leading to hippocampal cell death (Zhao et al, 2008) . It is likely that the duration and level of AMPK activation, as well as the cell type examined and model used, determine the downstream effect of AMPK. Under conditions of severe energy deficiency such as in cerebral ischemia, prolonged overactivation of AMPK may indeed exacerbate brain injury, as confirmed by our studies in focal stroke model using both pharmacological agents and genetic tools (Li et al, 2007; McCullough et al, 2005) .
Potential Downstream Targets of AMPK in Neuronal Survival/Death After Ischemia
Under physiologic conditions in periphery, AMPK activation promotes ATP production and inhibits ATP consumption. This is achieved by inactivating ACC (which provides substrates for the biosynthesis of fatty acid) and 3-hydroxy-3-methy-glutaryl-CoA (HMG-CoA) reductase (the rate controlling enzyme in cholesterol synthesis) to inhibit fatty acid and cholesterol synthesis. In addition, AMPK can increase glycolysis by activating PFK-2, increase fatty acid oxidation, activate glucose transportation (through glucose transporter 4) and inhibit glycogen synthesis (Ronnett et al, 2009 ). However, neuronal metabolism is very different than that of any other organ system. Neurons cannot perform glycolysis, can not oxidize fatty acid efficiently, and have no glycogen stores and are therefore exquisitely sensitive to hypoxia and hypoglycemia. Within a short period of energy deficiency, AMPK activation enhances astrocytic glycolysis and ketosis to provide energy to ischemic neurons. However, prolonged glycolysis in astrocytes leads to progressive acidosis and inhibits the ability of neurons to use lactate as energy sources (Blazquez et al, 1999; Pellerin and Magistretti, 1994) leading to neuronal death. We have found exacerbated lactic acidosis and enhanced neuronal injury after MCAO in mice treated acutely with AMPK activators (Li and McCullough, unpublished observations) .
Glucose is the major fuel for the brain. In the periphery, AMPK activation of glucose transporters (GLUTs) facilitates glucose transport into the cell. AMPK activation increases translocation of GLUT4 onto the cell surface in the heart (Li et al, 2004) and increases the expression of GLUT4 in skeletal muscle (Jessen et al, 2003) . Little is known regarding AMPK-induced glucose transport in the brain, or if it even occurs under physiologic conditions. Different isoforms of GLUTs are expressed in brain compared with the periphery (Simpson et al, 2007) ; GLUT1 in astrocytes and GLUT3 in neurons (Simpson et al, 2007; Vannucci et al, 1997) . As glucose is an obligatory fuel for neurons, glucose transporter function is crucial for neuronal survival. SiRNA knockdown of GLUT3 increased the sensitivity of cultured neurons to glutamate excitotoxicity (Weisova et al, 2009) , possibly by reducing available glucose. Inhibition of AMPK (with compound C or SiRNA) also reduced glutamate-induced surface GLUT3 expression (Weisova et al, 2009) . However, what effects, if any, that AMPK-mediated GLUT upregulation has in the ischemic brain are unknown.
Conceivably, attempts to increase glucose levels during conditions of low glucose such as stroke could lead to more rapid metabolic failure as cells attempt to ineffectively increase glucose influx when there is no available substrate. Cell damage could also be exacerbated in the reperfusion phase, when glucose is restored and floods into the cells secondary to GLUT upregulation, leading to poststroke hyperglycemia. Poststroke hyperglycemia is known to be associated with poorer functional outcomes in stroke patients independent of hemorrhage risk (Alvarez-Sabin et al, 2003) . Hyperglycemia induces blood-brain barrier dysfunction, increases edema, and increases the risk of hemorrhagic transformation (Saposnik et al, 2004) . The endothelium is sensitive to glucose levels, and high glucose induces ROS in the endothelium, damaging the vascular wall, possibly contributing to hemorrhagic transformation . At this point, the functional consequence of GLUT upregulation in the ischemic and reperfused brain is unknown, but reducing poststroke hyperglycemia by manipulation of AMPK-induced GLUT function is an area of active investigation in our laboratory.
During severe energy depletion, neurons attempt to increase energy supply to survive. Autophagy is a process that cells use to produce energy (Du et al, 2009) during nutrient starvation that is characterized by the engulfment of cytoplasmic material and organelles to recycle amino acid and other nutrients. Autophagic pathways can be activated by rising levels of AMPK, in response to energy need (Wang and Guan, 2009 ). However, recent work has shown that autophagy contributes to neuronal cell death after ischemia (Du et al, 2009) . Therefore, activating AMPK-dependent energy-producing cascades after stroke seems to only further stress the ischemic brain, enhancing metabolic dysfunction and worsening outcome.
A number of other important enzymes energyproducing pathways (glycolysis, tricarboxylic acid cycle) are potential targets of AMPK including glyceraldehyde-3-phosphate dehydrogenase andcitrate synthase. Although the tricarboxylic acid cycle has the potential to generate much more ATP per mole of glucose than produced by glycolysis, it is believed that the latter process is primarily responsible for meeting the increased energy demands during times of high activity in the brain during normal physiologic conditions (Tuerk et al, 2007) . However, under conditions of extreme energy deficiency such as ischemia, activation of these enzymes is of little benefit. Therefore, the down stream mediator(s) by which AMPK activation exacerbates brain injury during stroke are unknown. Research has suggested that it may involve overstimulation of AMPKmediated energy-producing cascades such as glycolysis, GLUT, and autophagy all of which could further stress the ischemic brain and exacerbate metabolic failure. Further studies will be needed to determine if AMPK is an appropriate target for stroke therapy.
Chronic Changes Induced by AMPK
Besides direct effects on metabolism and acute cell survival/death, emerging data suggest that AMPK activation could be an important contributor to recovery after stroke. eNOS has been implicated as an important contributor to poststroke neurogenesis through activation of brain-derived neurotrophic factor expression (Chen et al, 2005) . As AMPK is a direct activator of eNOS, AMPK may also have a role in poststroke neuronal regeneration and repair. AMPK activation mediates the KA-induced increase in brain-derived neurotrophic factor expression and transcriptional activation of NF-kB, both of which are likely involved in neurogenesis and repair post stroke (Yoon et al, 2008) . The expression pattern of AMPK a2 during development as described earlier, in addition, implies the role of AMPK in neurogenesis. Interestingly, AMPK is the major upstream regulator of the enzyme HMG-CoA reductase, which is the primary enzyme involved in cholesterol biosynthesis. When AMPK is phosphorylated and active, it inhibits HMG-CoA reductase by phosphorylation, ensuring that cholesterol biosynthesis is halted in times of acute energy demand. It has been well described that HMG-CoA reductase inhibitors (statins) improve outcome after stroke in both animal models and in clinical trials (Sillesen et al, 2008) . Statins have a key role in secondary stroke prevention, as administration of high-dose atorvastatin has been shown to significantly reduce future ischemic events .
Statins have numerous beneficial effects on the brain and vasculature that are independent of lipid lowering (Brookes et al, 2009) . Statins augment eNOS release, an effect that is mediated by AMPK (Sun et al, 2006) . Atorvastatin treatment in human umbilical vein cultures increased phosphorylation of AMPK as well as AMPK activity and increased angiogenesis in vitro. These effects were abolished by Compound C or with a dominant-negative mutant of AMPK (Sun et al, 2006) . Mice administered oral atorvastatin had increased levels of AMPK in the aorta and myocardium (Sun et al, 2006) . As mentioned previously, both AMPK a1 and a2 are expressed in endothelial cells, although a1 predominates (Davis et al, 2006; Zou et al, 2004) . However, AMPK a2 although expressed in low levels in the endothelium, may be the more important isoform in the endothelial response to hypoxia. The aorta of AMPK a2 knockout mice showed attenuated atorvastatin-induced eNOS phosphorylation (Chen et al, 2009b) . Interestingly, statin-induced AMPK activation is lost in eNOS knockout mice , implying that the presence of both AMPK and eNOS is necessary for the full effect of statins in the peripheral vasculature.
Of the two major upstream kinases of AMPK, LKB1 is accepted as an important contributor to statinmediated induction of AMPK. Levels of phosphorylated LKB1 increase with statin treatment (Kou et al, 2009) . Nuclear LKB1 translocation occurs after statin treatment and before the increase in AMPK activation . The potential contribution of CaMKKb to statin-mediated increase in AMPK is currently under debate. One group has found that administration of the CaMKKb inhibitor, STO609 had no effect on statin-induced AMPK activation , but others have found that siRNAmediated knockdown of CaMKKb completely blocked simvastatin-induced endothelial cell migration and ameliorated statin-induced phosphorylation of both AMPK and LKB1, as did pharmacological inhibition with STO-609 (Kou et al, 2009 ). Differences in culture conditions and the endothelial cell type examined may account for these differences.
Statin-induced AMPK phosphorylation appears to require the presence of ROS . Statin treatment significantly increased ROS (similar to the action of metformin) whereas preincubation with mito-TEMPOL, a superoxide dismutase mimetic, abolished statin-enhanced phosphorylation of both AMPK and its downstream target ACC-Ser(79). In vivo administration of statin increased AMPK phosphorylation C57BL/6J mice but not in mice deficient in eNOS, suggesting that NO and the oxidants produced by NOS activation are the triggering factors for statins effects on AMPK in the vasculature . The actual mechanism by which statins activate AMPK remains unclear. It is possible that the inhibition of HMG-CoA reductase by pharmacological agents sets up a feedback loop in which AMPK senses this inhibition and enhances AMPK to compensate. As we have shown that acute activation of AMPK is deleterious in stroke models, it is likely that prolonged treatment will have different effects on AMPK in the vasculature in the brain; detrimental in the acute ischemic period, beneficial for later repair after the ischemic insult is complete.
The effect of AMPK on cerebral angiogenesis is currently unknown, but an area of intense investigation. Accumulating data has shown that statins enhance angiogenesis, neurogenesis, and increase functional outcome in animal models of stroke (Chen et al, 2003; Zheng and Chen, 2007) and traumatic brain injury (Figure 4 ). Statins may increase neurogenesis by activating eNOS, which is known to be involved in neuronal regeneration after stroke (Chen et al, 2005) . Many of the effects of statins on neurogenesis and angiogenesis are mediated through VEGF (Chen et al, 2006; Uruno et al, 2008) or HIF1a (Nishimoto-Hazuku et al, 2008) , both of which are downstream targets of AMPK (Jung et al, 2008; Reihill et al, 2007) . AICAR enhances whereas Compound C attenuates the angiogenesis of endothelial progenitor cells in vitro and in vivo . Statin-induced increases in AMPK phosphorylation accelerated the development of collateral vessels and angiogenesis in response to hindlimb ischemia, an effect that was dampened after treatment with Compound C (Izumi et al, 2009 ). More direct evidence regarding the effect of AMPK on the cerebral vasculature has been recently reported in cultured rat brain endothelium. AMPK activation by AICAR increased VEGF levels and subsequently increased endothelial proliferation and metabolism (Lopez-Lopez et al, 2007) . The possibility that AMPK could mediate poststroke repair is intriguing and presents an exciting new target for investigators studying AMPK or stroke.
Conclusions and possible future directions
Using AMPK as a target to develop therapeutic treatments for stroke is promising. Both pharmacological and genetic approaches have shown that AMPK activation is detrimental in stroke, at least in rodent models, whereas AMPK inhibition during the acute stroke phase provided sustained neuroprotection. Inhibiting AMPK during the acute energy depletion phase of stroke may induce a type of 'neuronal hibernation' similar to what is seen with hypothermia, reducing energy demand and subsequent metabolic failure. The down stream mechanism by which AMPK worsens stroke outcome during the acute phase is not clear but it may involve lactic acidosis, glucose transporter upregulation, and autophagy activation. Astrocytes and neurons are metabolically distinct cell types. It will be important to dissect out the effect of AMPK activation in each component of the neurovascular unit. One appropriate way to do this in vivo is to use neuronal or astrocytic conditional AMPK null mice. These are currently under evaluation. In addition, of the three potential upstream AMPK kinases, LKB1 may be the most critical in the response to cerebral ischemia. Accumulating data indicate that NO is essential for AMPK activation, and interactions between NO, NOS, and ONOO-warrant further investigation.
Interestingly, during the chronic recovery phase, AMPK activation may enhance neurogenesis, angiogenesis, and improve brain function. One way to chronically activate AMPK is through the use of statins or metformin. Both drugs are used clinically and found to reduce the stroke incidence (Chaturvedi et al, 2009 ; UK Prospective Diabetes Study (UKPDS) Group, 1998; Selvin et al, 2008) , possibly owing to the positive effect of chronic AMPK activation in cerebral vasculature. This is in agreement with experimental data suggesting a beneficial effect of chronic AMPK activation in the vasculature. However, a cautionary note should be made; recent evidence suggests that there may be a downside to chronic AMPK activation, at least that which is induced with metformin. Although no clinical data are currently available that metformin enhances neurodegeneration even when widely applied in patients at risk for diabetic neuropathy, mice administered chronic oral metformin at doses that lead to activation of AMPK had significantly increased generation of b amyloid, which has a major causal role in Alzheimer's Disease (Chen et al, 2009a) . Compound C inhibited metformin-induced b-amyloid accumulation, implicating AMPK. Future research using more selective AMPK activators, examination of the effects of acute and chronic inhibition of AMPK, and the use of selective genetic models will provide important information on this pathway and its potential therapeutic potential for stroke patients. 
